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The photoabsorption spectra of several of the most stable isomers of the Ti8C12
metallocarbohedryne are calculated using time-dependent density functional theory. Several
ground-state magnitudes have been also calculated, such as cohesive energies, electronic gaps
between the highest occupied and lowest unoccupied molecular orbitals, and static polarizabilities.
Since significant differences are found among the photoabsorption spectra of the different isomers
in the low energy region 0–5 eV, we propose the comparison of experimental and the calculated
absorption spectra as a tool to elucidate the isomers that appear to form in the experiments. Between
10 and 13 eV all the spectra show a region of high absorption that we identify as due to collective
electronic excitations. The existence of this prominent feature explains the occurrence of delayed
ionization and delayed ion emission phenomena observed in previous experiments. © 2006
American Institute of Physics. DOI: 10.1063/1.2263732I. INTRODUCTION
Metallocarbohedrynes—or met-cars, for short—are a
class of stable and highly symmetric clusters discovered in
1992 by Guo et al.1 These clusters were obtained using a
laser vaporization source to induce the reaction between
transition-metal atoms and hydrocarbons. The met-car family
comprises species with the stoichiometric formula M8C12,
where M is an early transition metal mainly Ti, V, Zr, Nb,
Hf, Mo, Cr, and Fe.2,3 In contrast to other metal-carbon
clusters, metallocarbohedrynes also exhibit multicage growth
patterns,4 MnCm with n ,m= 13,22, 14, 21, 18, 29, and
22, 35. Species containing combinations of two metals,
such as Ti8−xMxC12, have also been detected.5 Other exciting
properties of these clusters are a relatively low ionization
potential, the occurrence of delayed ionization and ion
emission,6 an active behavior as hydrodesulfurization
catalyst;7 and a potentially interesting magnetic behavior due
to the presence of transition metal elements. In particular, an
appealing feature is the role that the d electrons of the tran-
sition metal atoms play in the stability of the cluster. The
met-cars are expected to exhibit rich chemical and physical
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talysis. A review on the subject may be found in Ref. 8.
The geometrical structure of the met-cars has generated
a lot of debate. Early studies proposed for the structure of
Ti8C12 and V8C12 a pentagonal dodecahedral cage of Th sym-
metry. This proposal was motivated by the reaction behavior
with NH3, and by ligand titration experiments, which sug-
gested that the eight metal atoms had similar coordination.2
Later, different authors have proposed alternative configura-
tions based on density functional calculations.9 Dance pro-
posed a tetracapped tetrahedron of Td symmetry as the
ground state, showing that the Th dodecahedral structure was
higher in energy by 15 eV.10,11 Other optimized geometries
have been suggested, belonging to the D2d point group.12 In
several papers, Rohmer et al. have suggested seven struc-
tures as local minima on the potential-energy surface of
Ti8C12.8,13,14 Soon after, Gueorguiev and Pacheco,15 in addi-
tion to calculating the infrared-absorption spectrum of
Ti8C12, found that a Jahn-Teller distorted Td geometry was
the lowest-energy configuration. The most recent calcula-
tions have proposed for the met-cars a C3v structure
16–19
rather similar to the distorted Td structure. Studies of neutral,© 2006 American Institute of Physics11-1
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 This arcationic, and anionic Ti8C12 clusters with C3v, D2d, and Td
structures by Deng et al.20 reveal that the most stable geom-
etry depends strongly on the charge state.
The assignment of the equilibrium geometry of the neu-
tral titanium met-car as a C3v structure appears to be a trust-
able conclusion of the theoretical calculations, although this
assignment awaits confirmation from experiments. One of
the experimental methods that can be used is photoabsorp-
tion spectroscopy. For this reason the objective of this paper
is to calculate the photoabsorption spectrum of a number of
low lying isomers of Ti8C12 with the structures taken from
the recent work of Sobhy et al.19 For this purpose we use the
time-dependent density functional theory TDDFT.21 In
fact, we have proposed in previous papers22,23 that a com-
parison of the measured optical spectrum with calculations
of the spectra for different isomeric forms of a given cluster
can provide a useful diagnosis of its geometrical structure.
We show here that the differences found among the photo-
absorption spectra of the different isomers in the low energy
region 0–5 eV can be used as a convenient tool to distin-
guish the different met-car isomers.
In addition, beyond this theoretical spectroscopy study,
the calculations shed light into another interesting experi-
mental feature studied by some of the authors of the present
work. May et al.6 observed the occurrence of delayed ioniza-
tion and delayed emission of V+ and Ti+ ions following mul-
tiphoton absorption by the Ti and V met-cars. Based on an
early calculation of the optical spectrum by Rubio et al.,24
May et al. interpreted their experimental results as due to the
excitation of a collective plasmon that later decays by emis-
sion of atomic ions. Our early calculation of the optical
spectrum24 used the TDDFT and a very simple model for the
structure of the met-car, in which the effective potential seen
by the valence electrons was spherically averaged about the
center of the cluster.25 This was a drastic approximation, later
improved in a paper where we calculated the excitation spec-
trum of Ti8C12 and V8C12 met-cars taking fully into account
the geometrical structure of the clusters26 the Td structure
was assumed in the calculations. The present calculations
complement that work by considering several low lying iso-
mers.
To our knowledge, excited electronic states of the met-
cars have not been investigated in an exhaustive way by ab
initio techniques, and we expect that these studies may help
to the experimental elucidation of the structures and may
shed additional light on the processes of delayed ionization
and ion emission in met-cars.
II. METHOD
The theoretical foundations of the TDDFT, as well as thecomputational scheme, has been described in detail
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
161.111.180.191 On: Fri, 0elsewhere;21,27–32 here we only summarize the main points.
We begin by calculating the ground-state electronic structure
of the different Ti8C12 isomeric structures. Then, the absorp-
tion spectrum has been calculated for each isomer by using
the formalism developed by Casida,29 which requires the
previous ground-state calculation of occupied and unoccu-
pied Kohn-Sham electronic states in order to construct the
noninteracting response function. After that, each excitation
peak is broadened by a Lorentzian profile to construct the
absorption spectrum. This methodology is computationally
different, but essentially equivalent to the real time propaga-
tion method, where the ground state is instantaneously per-
turbed and the time-dependent Kohn-Sham equations are
propagated in time32 to get the frequency-dependent absorp-
tion cross section.26–28,32 For the exchange-correlation en-
ergy functional we have used the adiabatic local spin-density
approximation LSDA, with the Perdew-Wang
parametrization33 for correlation. Test calculations using the
Perdew-Burke-Ernzerhof generalized gradient
approximation34 GGA provide very similar results. The
adiabatic LSDA has been used successfully in the calculation
of the optical spectrum of atoms35 and clusters of the non-
transition elements.22,23,35–38 However, less experience exists
for the case of atoms with d electrons and their clusters.26
The ion-electron interaction is modeled by replacing the
ionic cores the 1s2 heliumlike core of the C atoms and the
1s22s22p63s23p6 argonlike core of the Ti atoms by norm-
conserving pseudopotentials. The scheme of Troullier and
Martins39 has been chosen for the C atoms due to the smooth
pseudopotentials generated and to the good results that these
pseudopotentials yield for systems containing first-row ele-
ments. On the other hand, for the Ti atoms we have used the
scheme of Hartwigsen et al.40 validated previously for tran-
sition metal clusters.26 This pseudopotential is built in such a
way that is separable by construction, is optimal for integra-
tion on a real-space grid, is highly accurate, and, due to its
analytic form, can be specified by a very small number of
parameters.
We took, as initial isomeric structures for Ti8C12 those
given by Sobhy et al.,19 belonging to the symmetry groups
C2v, C3v, Cs, D2, D2d, D3d, D3d
*
, and Td. Starting from those
structures we have performed structural optimizations using
of the Broyden algorithm41 with a convergence criterion of
10−3 hartree/bohr for the net forces on each atom. For the
relaxations we employed the ABINIT package,42 and no sig-
nificant variations were noticed with respect to the starting
structures. The optimized geometries then used for the cal-
culation of the photoabsorption spectra are shown in Fig. 1;
those are described in full detail in Refs. 13 and 19. Once the
FIG. 1. Color online Top and side
views upper and lower rows, respec-
tively of the isomeric Ti8C12 struc-
tures, belonging to the C2v, C3v, Cs,
D2, D2d, D3d, D3d
*
, and Td symmetry
groups, used for the calculation of the
photoabsorption spectra. Relative en-
ergies are given in Table I. Large and
small spheres represent Ti and C at-
oms, respectively.electronic ground-state structure of the different isomers was
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 This arestablished, we performed the calculation of the photoab-
sorption spectrum with the OCTOPUS code.27 The main nu-
merical parameters that need to be specified are the follow-
ing: the spacing of the spatial mesh, 0.2 Å, the wave function
domain, a sphere of radius 8.5 Å, and the number of unoc-
cupied states for the calculation of the excitations by the
Casida formula29 the whole set of 40 occupied states and
40–50 unoccupied states have been necessary to reach con-
vergence of the spectra for excitation energies up to 15 eV.
III. RESULTS
A. Ground-state properties
The cohesive energies per atom of the Ti8C12 isomers of
Fig. 1, and the relative energies with respect to the C3v equi-
librium configuration, are reported in Table I. The table also
shows the net magnetic moments, Fermi level energies, high-
est occupied molecular orbital-lowest unoccupied molecular
orbital HOMO-LUMO gaps, and the static polarizabilities.
The cohesive energies per atom have been obtained from the
expression
Ec/atom =
EtTi8C12 − 8EtTi + 12EtC
20
, 1
where EtTi8C12, EtTi, and EtC are total energies of the
cluster and the free atoms, respectively. The most stable
structure is the C3v, in agreement with the most recent
calculations.19 The cohesive energies of the different isomers
are rather similar the differences between the four most
stable isomers are smaller than 0.05 eV, or 580 K and this
explains the debate on the ground-state structure of met-cars.
TABLE I. Cohesive energies per atom and relative
moments, Fermi level energies, HOMO-LUMO gaps
C3v Td
Cohesive energy per atom eV 8.36 8.33
E with respect to C3v eV 0 0.67
Magnetic moment B 2 2
Fermi level energy eV −3.18 −3.42
HOMO-LUMO gap eV 0.26 0
Static polarizability Å3 60.11 56.81ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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*
, and D3d isomers are spin polarized, and
have net magnetic moments of 2B. The HOMO level shows
double and triple degeneracy in the D3d and Td isomers, re-
spectively, leading to the corresponding Jahn-Teller distorted
D3d
* and C3v geometries. The HOMO-LUMO gaps vary be-
tween 0 and 0.7 eV. There is no HOMO-LUMO gap in the
Td and D3d structures due to the multiple degeneracy of the
HOMO.
The static dipole polarizability tensor  relates, to first
order, the polarization vector P to the applied electric field E.
The averaged static dipole polarizability is obtained from the
trace of the  tensor as = 13Tr. The polarizability ten-
sor has been obtained by applying a small static electric field
along each of the three Cartesian directions, and calculating
the polarization vector. The calculations were repeated for
electric fields of different magnitude, to make sure that the
applied field was small enough to ensure the linear relation-
ship between P and E on the one hand, and at the same time
large enough to minimize numerical errors. For all the iso-
mers, the tensor is almost isotropic due to their high symme-
try, and the averaged polarizabilities are very similar, with
values between 4.5 and 5 Å3/atom. The present results are in
quite good agreement with previous calculations performed
for some isomers only.15,26 The polarizabilities of the met-car
are of the same order of magnitude of the polarizabilities of
transition metal clusters the polarizability of V4
+
, for in-
stance, is near 5 Å3/atom Ref. 44, but lower than the po-
larizabilities of alkali metal clusters: for instance, the polar-
izability of Li8 calculated by TDDFT Ref. 43 is
12 Å3/atom.
Several surfaces of constant charge density have been
ies of the different Ti8C12 structures. The magnetic
static polarizabilities are also given.
2v Cs D2d D2 D3d
* D3d
.32 8.31 8.26 8.24 8.21 8.20
.83 1.05 2.05 2.40 3.07 3.15
0 0 0 2 2
.77 −4.10 −3.80 −3.88 −3.93 −3.98
.72 0.52 0.59 0.36 0.36 0
.59 58.02 59.70 60.39 58.47 57.25
FIG. 2. Color online Surfaces of
constant charge density for the differ-
ent Ti8C12 isomers of the Fig. 1. From
top to bottom: 1 total charge density
0.1 e / a.u.3 isosurface; 2 HOMO
charge density 0.001 e / a.u.3 isosur-
face; 3 LUMO charge density
0.001 e / a.u.3 isosurface; 4 spin po-
larized charge density 0.02 e / a.u.3
isosurface for the C3v, Td, D3d
*
, and
D3d structures.energ
, and
C
8
0
0
−3
0
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 This arplotted in Fig. 2 for the different Ti8C12 isomers. From top to
bottom: 1 the total charge density, totr=↑r+↓r,
where ↑ and ↓ are the spin up and spin down charge den-
sities, respectively; 2 the charge density of the HOMO
level, HOMOr= HOMOr2; 3 the charge density of the
LUMO level, LUMOr= LUMOr2; and 4 for the C3v,
D3d, D3d
*
, and Td structures, the spin-polarized charge den-
sity, or spin magnetization, spinr=mr=↑r−↓r. The
values of the different isosurfaces have been chosen for an
FIG. 3. Color online Kohn-Sham electronic energy levels for the ground-
state Ti8C12 met-car structure. The Fermi energy is taken as the zero energy
reference. Surfaces of constant density corresponding to a strongly bound
electronic state and to a low lying unoccupied state are also plotted.ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
161.111.180.191 On: Fri, 0optimal visualization. The particular magnitudes of those iso-
surfaces are indicated in the caption of Fig. 2. The electronic
charge density on the Ti atoms is directly proportional to
their coordination number the same conclusion was ex-
tracted from a previous study of Sobhy et al.19, while the
magnetization becomes noticeable in the Ti atoms with a
lower coordination. totr also reaches high values around
the C2 units. It is valuable to appreciate how the symmetry of
the isosurfaces is modified for the Jahn-Teller forms C3v and
D3d
* with respect to their Td and D3d analogs; in particular,
for the magnetization of the C3v structure, where the specular
symmetry is broken.
The Kohn-Sham orbital energies for the electronic
ground state of the C3v structure are given in Fig. 3. Both
occupied and unoccupied states are included and the energy
zero is taken at the Fermi level. The tightly bunched group of
strongly bound occupied states detached from the rest corre-
sponds to orbitals localized on the carbon dimers. A surface
of constant density corresponding to one of those orbitals is
plotted in the figure. The other occupied states, with smaller
binding energies, have orbitals with a more complex spatial
shape and a higher degree of delocalization though the clus-
ter. Many of the low lying unoccupied states are localized
near the Ti atoms and a representative member of those or-
bitals is also plotted.
B. Photoabsorption spectrum
Figures 4 and 5 show the photoabsorption cross sections
for the ground state and the low lying isomers of Ti8C12, as
obtained by the TDDFT calculation. Due to a the evident
differences between the absorption spectra at low energies,
and b our interest in the characteristic photoabsorption be-
FIG. 4. Photoabsorption cross section
in arbitrary units of the ground state
C3v and low lying isomers Td, C2v,
Cs, D2d, D2, D3d
*
, and D3d of Ti8C12,
up to 5 eV.ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
6 Jun 2014 10:39:36
074311-5 Theoretical photoabsorption spectra of Ti8C12 J. Chem. Phys. 125, 074311 2006
 This arhavior of the met-cars at high energies, we show the two
regions separately in Figs. 4 and 5. The finite width of the
absorption peaks in an experimental spectrum—linked to the
accessible resolution—is mostly determined by the tempera-
ture. In our calculations, on the other hand, each excitation
peak in the spectrum has been broadened by a Lorentzian,
absorption = 
i
A2
 − i2 + A2
. 2
In this equation  is the energy, i are the discrete excitation
energies obtained by the Casida formula,29 and the value of
the parameter A, which determines the full width at half
maximum FWHM=2A of the peaks, is set equal to
0.001 a.u. in Fig. 4 and equal to 0.002 a.u. in Fig. 5 respec-
tively, which are values commonly used in order to mimic
the experimental resolution.
The low energy spectra of Fig. 4, although weak in
strength, are very rich and display clear differences between
the different isomers. Weak low energy peaks are present
near 0.5 eV in the D2d and Td isomers, and at 0.8 eV in the
D3d and the D3d
* isomers. More generally, all the structures
show a trend of increasing absorption cross section starting
at an energy of 1 eV. The spectra of the Td and the D3d
isomers show sharp excitation peaks between 1 and 5 eV.
These distinct features are due to the high symmetry of those
two clusters. In fact, the other spectra do not present such
distinct absorption peaks. In particular, the C2v, Cs, and D2
isomers have a smoother and lower absorption profile than
the more symmetric ones. All isomers show significant ab-
sorption in the region 4.5–5 eV. The ground-state C3v struc-
ture presents its most characteristic absorption features in the
region between 2 and 3.5 eV. Since clear differences have
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
161.111.180.191 On: Fri, 0been established among the spectra of the different isomers
in the low energy region 0–5 eV, we propose that a com-
parison of future experimental measurements to these TD-
DFT spectra can serve as a tool to elucidate between the
different isomeric forms and possibly confirm the C3v struc-
ture as the ground state.
Figure 5 shows the photoabsorption spectra for the full
range of energies, up to 15 eV. Two regions can be distin-
guished in all the spectra: a weak absorption profile covers
the energy region up to 10 eV, and a region of strong absorp-
tion occurs at high energies between 10 and 13 eV. This
region is delimited by the vertical dashed lines in Fig. 5. The
profile of the spectrum in this high energy region varies
somehow from cluster to cluster, although there are similari-
ties between the spectra of the C3v, Td, and D3d isomers, and
between the spectra of the D2 and D2d isomers. But in all
cases this broad region of high absorption can be interpreted
as due to strong and complex electronic excitations qualita-
tively similar for all the isomers studied. Those are excita-
tions from the bunch of states lying approximately 15 eV
below the Fermi level the orbitals of those states, as indi-
cated at the end of Sec. III A above, are localized on the C2
bonds to low lying unoccupied states above the Fermi en-
ergy, and have a collective character. Electronic screening
lowers the energy of the unscreened transitions, leading to
high absorption strength in the 10–13 eV range. We did not
find significant variations in the form of the absorption spec-
trum in this high energy region by using additional unoccu-
pied states for the calculation of the excitations and this in-
dicates that the results are well converged. The structure of
FIG. 5. Photoabsorption cross section
in arbitrary units of the ground state
C3v and low lying isomers Td, C2v,
Cs, D2d, D2, D3d
*
, and D3d of Ti8C12,
up to 15 eV. The vertical dashed lines
delimit the collective plasmon region
between 10–13 eV. Notice the differ-
ent scale for the spectra with respect to
Fig. 4.the collective excitations is more fragmented for the isomers
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6 Jun 2014 10:39:36
074311-6 Martinez et al. J. Chem. Phys. 125, 074311 2006
 This arwith higher symmetry, that is, the C3v, D3d, and Td isomers.
The less symmetric structures present a smoother absorption
profile.
We now relate the results of our calculations of the pho-
toabsorption spectrum to experiments where May et al.6 ob-
served delayed ionization DI and delayed ion emission
DIE in the Ti and V met-cars. A necessary condition for DI
to occur is that the ionization potential has to be smaller than
the dissociation energy of the cluster. In such a case, compe-
tition between prompt ionization and dissociation may lead
to delayed ionization. This condition is met in met-cars. Our
calculations for Ti8C12 give a cohesive energy slightly above
8 eV/atom see Table I. Other calculations of the binding
energies of the Ti8C12 give Eb=6.62 eV/atom Ref. 45 and
6.54 eV/atom,12 and collision-induced dissociation experi-
ments give an upper limit of 9 eV for the dissociation
threshold.46 All those values are larger than the calculated
ionization potential of Ti8C12, which is about 5.2 eV. 26 In
addition to this requirement, the cluster must generate its
own “heat bath” allowing to store the excitation energy in a
broad region of closely spaced excited states centered at an
energy close to the sum of the dissociation energy of the
cluster and the ionization potential of the metal atom. This
places that region around 12–13 eV for the Ti met-car. The
results given in Fig. 5 show indeed a broad absorption region
that begins near 10 eV and has maximum strength around
12–13 eV, giving support to the original interpretation of the
experiment.6 According to the calculated spectra, the energy
range for the region of collective excitations is a robust char-
acteristic of the Ti8C12 met-car, not affected by the precise
geometry of the isomer. Then, one can guess confidently that
the existence of a broad energy region of strong collective
excitations is a characteristic of the met-cars.
IV. CONCLUSIONS
The ground-state structure of Ti8C12 and related metal-
locarbohedrynes has been a subject of debate in the recent
literature. Using the TDDFT formalism we have calculated
the photoabsorption spectra of the most stable isomers of
Ti8C12 for energies up to 15 eV. Substantial differences are
found between the absorption spectra in the low energy re-
gion 0–5 eV, and we conclude that a comparison between
the calculated photoabsorption spectra and future measure-
ments could be used to elucidate between the different struc-
tures proposed from theoretical total energy calculations by
different authors. The spectrum of all the isomers presents a
region of high absorption between 10 and 13 eV. We inter-
pret the high absorption as due to the excitation of collective
electronic modes. This high energy absorption feature has
been previously observed in the experiments of May et al.6 It
provides an internal heat bath that allows to explain the oc-
currence of delayed ionization and delayed ion emission
from these metallocarbohedrynes.
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